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The bc1 complex is central to mitochondrial bioenergetics and the target of the antimalarial drug atovaquone that binds in the quinol
oxidation (Qo) site of the complex. Structural analysis has shown that the Qo site residue Y279 (Y268 in Plasmodium falciparum) is
key for atovaquone binding. Consequently, atovaquone resistance can be acquired by mutation of that residue. In addition to the
probability of amino acid substitution, the level of atovaquone resistance and the loss of bc1 complex activity that are associated
with the novel amino acid would restrict the nature of resistance-driven mutations occurring on atovaquone exposure in native
parasite populations. Using the yeast model, we characterized the effect of all the amino acid replacements resulting from a sin-
gle nucleotide substitution at codon 279: Y279C, Y279D, Y279F, Y279H, Y279N, and Y279S (Y279C, D, F, H, N, and S). Two resi-
due changes that required a double nucleotide substitution, Y279A and W, were added to the series. We found that mutations
Y279A, C, and S conferred high atovaquone resistance but decreased the catalytic activity. Y279F had wild-type enzymatic activ-
ity and sensitivity to atovaquone, while the other substitutions caused a dramatic respiratory defect. The results obtained with
the yeast model were examined in regard to atomic structure and compared to the reported data on the evolution of acquired
atovaquone resistance in P. falciparum.

The mitochondrial respiratory chain complex III or bc1 com-
plex is central to mitochondrial bioenergetics and the target of

antiprotozoals, such as atovaquone, and fungicidal drugs used to
control human and plant pathogens. It is also currently the focus
of intense research as an antimalarial target for further drug de-
velopment (1–6). The bc1 complex is a multimeric enzyme. Three
subunits form the electron-transferring catalytic core and contain
the redox-active groups, namely, cytochromes b, cytochrome c1,
and the “Rieske” iron-sulfur protein (ISP). Cytochrome b is mi-
tochondrially encoded in all eukaryotes and contains the substrate
ubiquinol/ubiquinone binding sites (i.e., the quinol oxidation
[Qo] and quinone reduction [Qi] sites), which form the sites of
competitive inhibition for antimicrobial agents. In the context of
malaria, atovaquone (used in combination with proguanil, and
marketed as Malarone) is a popular prophylactic drug and also
shows high efficiency in the treatment of uncomplicated Plasmo-
dium falciparum malaria.

Interestingly, atovaquone resistance frequently evolves through
de novo cytochrome b mutations during antimalarial therapy (7–10).
The resistance is caused by the mutation of residue Y279 (Y268 in P.
falciparum numbering) in the atovaquone target site, the bc1 com-
plex Qo site. Y279 is a highly conserved residue. It is crucial for
stabilizing the bound atovaquone (11) and is postulated to play a
key role in the binding and correct positioning of the ubiquinol in
the Qo site, facilitating a fast electron transfer to the [2Fe-2S] clus-
ter of the ISP (12, 13).

In P. falciparum, two substitutions of Y279 are commonly as-
sociated with atovaquone resistance in vivo, namely, Y279S and
Y279C (Y279S and C) (7, 9), whereas a third mutation, Y279N, is
much less frequent (14). These three amino acid replacements
correspond to single nucleotide substitutions at codon 279, sug-
gesting that the evolutionary space is restricted to easily accessible

amino acid replacements. Therefore, we hypothesized that the in
vivo evolution of P. falciparum resistance to atovaquone results
from a balance between various properties of residue 279 —the
probability of amino acid substitution, the level of atovaquone
resistance, and the possible loss of bc1 complex activity—that are
associated with the novel amino acid.

Since Plasmodium parasites are not amenable to mitochondrial
transformation, the effect of the different mutations (other than
those observed in the wild) of Y279 on bc1 complex activity and
sensitivity to drugs cannot be assessed directly and an experimen-
tal model has to be used. Yeast (Saccharomyces cerevisiae) is ame-
nable to mitochondrial transformation. Its cytochrome b shares a
high level of sequence similarity with the parasite cytochrome b.
Therefore, yeast provides a useful surrogate model to study the
functional effect of mitochondrially encoded cytochrome b mu-
tations. In addition, yeast can be grown in either respiratory or
fermentative conditions, which facilitates the production of mu-
tants with highly deleterious respiratory effects and their subse-

Received 26 March 2015 Returned for modification 7 April 2015
Accepted 19 April 2015

Accepted manuscript posted online 27 April 2015

Citation Song Z, Clain J, Iorga BI, Yi Z, Fisher N, Meunier B. 2015. Saccharomyces
cerevisiae-based mutational analysis of the bc1 complex Qo site residue 279 to
study the trade-off between atovaquone resistance and function. Antimicrob
Agents Chemother 59:4053–4058. doi:10.1128/AAC.00710-15.

Address correspondence to Brigitte Meunier, meunier@cgm.cnrs-gif.fr.

Supplemental material for this article may be found at http://dx.doi.org/10.1128
/AAC.00710-15.

Copyright © 2015, American Society for Microbiology. All Rights Reserved.

doi:10.1128/AAC.00710-15

July 2015 Volume 59 Number 7 aac.asm.org 4053Antimicrobial Agents and Chemotherapy

http://dx.doi.org/10.1128/AAC.00710-15
http://dx.doi.org/10.1128/AAC.00710-15
http://dx.doi.org/10.1128/AAC.00710-15
http://dx.doi.org/10.1128/AAC.00710-15
http://aac.asm.org


quent analysis. Following that strategy, Y279S and C yeast mu-
tants have been previously produced and shown to combine high
resistance to atovaquone and decreased activity (15, 16).

Here, in order to fully explore the mutational landscape of
Y279 associated with atovaquone resistance, we studied, in the
yeast model, the effect of all the amino acid replacements resulting
from a single nucleotide substitution at codon 279, namely,
Y279C, D, F, H, N, and S. To further explore the biochemical
requirements at residue 279, we also analyzed two additional mu-
tations, Y279A and W, which introduce a small hydrophobic and
a bulky aromatic residue, respectively, although the amino acids
replacement required a double nucleotide change of codon Y279.

We measured the effect of these mutations on the respiratory
growth competence and on the bc1 complex activity and sensitiv-
ity to inhibitors. Structural modeling was then used to examine
the impact of the amino acid changes on the structure and func-
tion of the Qo site.

MATERIALS AND METHODS
Materials and growth media. Equine cytochrome c, decylubiquinone,
azoxystrobin, antimycin, atovaquone, superoxide dismutase (SOD), cat-
alase, and NADH were obtained from Sigma-Aldrich. The following me-
dia were used for the growth of yeast: YPD (1% yeast extract, 2% peptone,
and 3% glucose), YPGal (1% yeast extract, 2% peptone, and 2% galac-
tose), YPeth (1% yeast extract, 2% peptone, and 2% ethanol), and YPG
(1% yeast extract, 2% peptone, and 3% glycerol).

Yeast mitochondrial mutants. The mutants were generated by side-
directed mutagenesis and mitochondrial transformation as described pre-
viously (17). They have identical nuclear and mitochondrial genomes,
with the exception of the mutations introduced in the cytochrome b gene.

Measurement of NADH- and decylubiquinol-cytochrome c reduc-
tase activity. Yeast mitochondria were prepared as described previously
(18). Briefly, yeast grown in YPGal medium were harvested at mid-log
phase. Protoplasts were obtained by enzymatic digestion of the cell wall
using zymolyase in an osmotic protection buffer. Mitochondria were then
prepared by differential centrifugation following osmotic shock of the
protoplasts. Mitochondrial samples were aliquoted and stored at �80°C.
The concentration of the bc1 complex in the mitochondrial samples was
determined from dithionite-reduced optical spectra, using ε � 28.5
mM�1 cm�1 at 562 versus 575 nm. NADH- and decylubiquinol-cyto-
chrome c reductase activities were determined at room temperature by
measuring the reduction of cytochrome c (final concentration of 20 �M)
at 550 nm versus 540 nm over a 1-min time course in 10 mM potassium
phosphate (pH 7) and 1 mM KCN. Lauryl-maltoside (0.01% [wt/vol])
was added to the reaction buffer for the decylubiquinol-cytochrome c
reduction assays. Mitochondria were added to obtain a final concentra-
tion of 5 to 30 nM bc1 complex. Activity was initiated by the addition of
decylubiquinol (final concentration, 5 to 20 �M), a synthetic analog of
ubiquinol or by the addition of NADH (final concentration, 100 �M).
Initial rates were measured. The measurements were repeated three to five
times and averaged. Turnover numbers (TN) were determined as the
cytochrome c reduction rate per bc1 complex at 20 �M decylubiquinol or
100 �M NADH. Km values were estimated from the plots of cytochrome c
reduction rates versus decylubiquinol concentrations. The midpoint inhi-
bition concentrations (IC50) were determined by inhibitor titration.

Ligand docking and molecular modeling. Three-dimensional struc-
ture of decylubiquinol was generated using CORINA (Molecular Net-
works GmbH, Erlangen, Germany). The structure of the yeast bc1 com-
plex was downloaded from the Protein Data Bank (19) and used as
receptor in the docking process. Water molecules, ligands, lipids, and
hemes were removed, as well as all other chains except those correspond-
ing to cytochrome b and ISP. Hydrogen atoms were added using
HERMES, the graphical interface of GOLD (20). The docking of decylu-
biquinol was performed with GOLD using a binding site (the Qo site)

defined as a 15-Å radius sphere centered on the �1-carbon atom of cyto-
chrome b residue I147. GoldScore was used as a scoring function, and all
other parameters had default values. In silico mutations Y279X were in-
troduced using CHIMERA (21), which was also used for generating the
molecular modeling images.

RESULTS
Effect of substitution of Y279 in yeast bc1 complex on the enzy-
matic activity and atovaquone sensitivity. Residue Y279 has a
key role in binding atovaquone in the bc1 complex Qo site (11).
Therefore, it is reasonable to expect that substitution of this resi-
due may confer resistance to the drug. We studied the functional
impact of all amino acid replacement resulting from a single nu-
cleotide substitution of codon Y279 (UAU) in yeast cytochrome b,
namely, Y279C (UGU), D (GAU), F (UUU), H (CAU), N (AAU),
and S (UCU), because these are the most likely to occur in vivo
during malaria therapy. Two amino acid replacements resulting
from a double nucleotide substitution were also analyzed: Y279A
and W. They introduce a small hydrophobic and a bulky aromatic
residue, respectively.

The mutants were generated as described in reference 17.The
respiratory growth competence (Fig. 1), the bc1 complex activity
measured as decylubiquinol- and NADH-cytochrome c reductase
activities, and the sensitivity to Qo and Qi site inhibitors were then
monitored (Table 1).

Whereas all the mutants grew, as well as the wild type (wt) in
fermentative medium, in which the cell energy does not depend
on a functional mitochondrial respiratory chain, large differences
in respiratory growth rate were found among the mutant strains.

Mutations Y279D, H, N, and W caused a complete respiratory
growth defect. Y279D was not studied further. Y279H, N, and W
had lost ca. 95% of the control bc1 complex activity, and the resis-
tance to atovaquone could not be tested. As the introduction of
charged or bulky residues at position 279 might destabilize the
interaction with the ISP (which has been shown to be labile in
some mutant strains [22]), we monitored the level of that subunit
in the different mutants. It was previously shown that the replace-
ment of the tyrosine by serine did not result in the loss of ISP (16).

FIG 1 Respiratory growth competence of Y279 mutants. Serial dilutions in
water of cells pregrown on glucose plates were spotted onto plates containing
either glucose (YPD, fermentative medium) (A) or glycerol (YPG, respiratory
medium) (B) and incubated for 3 days at 28°C.

Song et al.

4054 aac.asm.org July 2015 Volume 59 Number 7Antimicrobial Agents and Chemotherapy

http://aac.asm.org


By Western blotting, we confirmed these data and found that the
level of ISP was not decreased in any of the mutants studied here
(not shown). Thus, the mutations resulted in an assembled but
inactive enzyme.

Y279C and S have been reported in P. falciparum and shown to
cause atovaquone resistance (see, for instance, references 7 and 9).
The same substitutions introduced in the yeast enzyme also con-
ferred atovaquone resistance (�45-fold resistance compared to
the wild type). The mutated complexes had 4-fold-lower decylu-
biquinol- and NADH-cytochrome c reductase activities, and the
respiratory growth competence of the mutants was decreased.
Y279A also combined atovaquone resistance with a decreased ac-
tivity. This mutant, however, had a severe defect in respiratory
growth due to the loss of more than 80% of the bc1 complex ac-
tivity. We have previously observed that there is a sharp fall in
respiratory growth competence between 25 and 15% of bc1 com-
plex activity (unpublished data).

In contrast, mutation Y279F had minimal effect on growth, bc1

complex activity or atovaquone sensitivity, except for a slightly
higher Km for decylubiquinol. The TN/Km ratio (effectively a sec-
ond-order rate constant for the interaction between substrate and
enzyme) was slightly lower in the mutant, 13.6 and 17 for Y279F
and wt, respectively, which indicates a mild decrease of the cata-
lytic efficiency of the mutant enzyme.

As a control, we monitored the sensitivity of the wt and mutant
enzymes to antimycin and azoxystrobin, two well-known bc1

complex inhibitors that bind at different target sites. Y279F, C, S,
and A, showed the same sensitivity as the wt to the Qi site inhibitor
antimycin. They also presented a very similar sensitivity to azox-
ystrobin that binds in the Qo site but in position different to atova-
quone, (i.e., closer to heme bL [23]), except for Y279S, which
showed a small, 2.7-fold resistance increase.

Finally, we tested the production of superoxide (SO) by the wt
and mutant bc1 complexes. Mutation of the Qo site may cause

catalytic cycle dysfunction that results in side reactions and SO
production. We measured SO production by monitoring the
SOD-sensitive rate of cytochrome c reduction. The difference be-
tween the reduction rate in the absence and the presence of added
SOD indicates the contribution of the cytochrome c reduction by
SO to the overall cytochrome c reductase activity. We compared
the effect of the mutations Y279F, C, S, and A on SO production.
The data are shown in Fig. 2.

The wt and mutant Y279F bc1 complexes did not produce SO.
No or little SO production was detected for Y279C. Around 11

TABLE 1 Effects of Y279 mutations on respiratory growth and bc1 complex activity and sensitivity to inhibitors

Residue 279
Mean growth �
SD (%wt)a

Cytochrome c reduction (mean � SD)b

Decylubiquinol cytochrome c reduction
NADH cytochrome c
reduction turnover
(%wt)

Activity IC50/bc1
c

Codond Amino acide Turnover (%wt) Km (�M) Atovaquone Azoxystrobin Antimycin

UAU Y279 100 � 5 100 � 1 3.1 � 0.32 4 � 0.6 12 � 1.2 0.3 � 0.01 100 � 5
UUU Y279F 94 � 4 98 � 2 4.9 � 0.40 2 � 0.2 11 � 0.7 0.3 � 0.02 95 � 2
UGU Y279C 27 � 2 24 � 1 3.0 � 0.15 180 � 21 15 � 0.7 0.3 � 0.02 28 � 1
UCU Y279S 17 � 3 24 � 1 3.6 � 0.15 193 � 12 33 � 2.1 0.2 � 0.01 33 � 1
GCU Y279A 1 � 0.5 18 � 1 3.2 � 0,12 154 � 11 18 � 2.2 0.4 � 0.02 14 � 0.2
GAU Y279D 0 ND ND ND ND ND ND
CAU Y279H 0 6 ND ND ND ND ND
AAU Y279N 0 6 � 0.5 ND ND ND ND 5 � 1
UGG Y279W 0 6 � 0.4 ND ND ND ND 6 � 0.4
a Growth competence was monitored in YPEth medium. Culture started at an OD600 of 0.5. Samples were incubated with vigorous agitation for 3 days at 28°C. The OD600 values
were then recorded. The values are presented as a percentage of the wild-type OD600 (%wt).
b The cytochrome c reduction activity was measured as described in Materials and Methods and is reported by the bc1 complex concentration. The values are presented as a
percentages of the wild-type activity (%wt). The wild-type decylubiquinol cytochrome c reduction rate was 53 � 1.4 s�1 (mean � the standard deviation); the wild-type NADH
cytochrome c reduction rate was 106 � 5.1 s�1 (mean � the standard deviation). ND, not determined. All the measurements have been made three to five times (except for Y279H)
and averaged.
c IC50/bc1, inhibitor concentration required to obtain 50% inhibition reported by the bc1 complex concentration.
d Mutated bases are indicated by underlining.
e The amino acid at position 279 of cytochrome b (yeast numbering, which corresponds to position 268 in P. falciparum) found to be associated with clinical atovaquone resistance
in P. falciparum is indicated in boldface.

FIG 2 Superoxide production in the wild type and mutants. Cytochrome c re-
duction rates were recorded in the absence and presence of SOD and catalase, both
at 225 U/ml, using 20 �M decylubiquinol or 100 �M NADH as the substrates. The
assays were performed as described in Materials and Methods, with slight modifi-
cations made to optimize the SOD and catalase activities: decylubiquinol-cyto-
chrome c reduction was assayed in 50 mM potassium phosphate buffer (pH 7)
with 10 �M KCN, and NADH-cytochrome c reduction was monitored in 10 mM
potassium phosphate buffer (pH 7.4) with 5 �M KCN. Each measurement was
repeated at least three times and averaged. The decylubiquinol (white) and NADH
(black) cytochrome c reduction rates in the presence of SOD and catalase are
presented as percentages of the rates in the absence of SOD-catalase.
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and 7% of the cytochrome c reduction activity of the enzyme
could be attributed to SO in the Y279S and Y279A mutants, re-
spectively. It was previously shown that Y279A, C, and S mutant
enzymes exhibited a low SO production, a finding very similar to
that observed here (24). Similar observations were reported using
Rhodobacter capsulatus Y279 mutants (25).

The increase in SO production can be understood in terms of
higher semiquinone occupancy at the Qo site, increasing the equi-
librium concentration of semiquinone for reaction with oxygen or
an increased rate constant for the reaction with oxygen, perhaps
by steric means (i.e., an increased probability of collision with
oxygen). SO production observed in the Y279A and Y279S mu-
tants in this study may reflect a prolonged occupancy of the
semiquinone in the Qo site and a slower semiquinone oxidation by
the normal reaction partner, ferriheme bL.

In summary, of the eight substitutions of Y279 studied here,
Y279D, H, N, and W had a dramatic effect on the respiratory
function. Y279A, C, and S significantly decreased the bc1 complex
activity, while Y279F resulted in a fully functional enzyme. The
differential effect of the substitutions on the enzymatic activity
could be explained by examining the Qo site structure.

Residue 279 in the Qo site structure. An atomic structure for
ubiquinol bound within the Qo site is not available. Nevertheless, the
structure of the stigmatellin-inhibited enzyme is considered to pro-
vide a good model for the quinol binding at the Qo site prior to the
formation of the semiquinone anion and electron transfer to ferri-
heme bL (PDB code 3CX5 [26]). Starting from that atomic structure,
we also generated in silico models of the quinol-bound Qo site (Fig. 3).
These were used to examine the role of Y279 in quinol binding and to
evaluate the impact of the substitutions of that residue.

The tyrosyl side chain of Y279 is likely to contribute to quinol
binding in different ways. The residue makes a significant (65-Å2)
hydrophobic interaction with the chromone headgroup of stig-
matellin and is likely to perform a similar function with the native
quinol substrate.

The hydroxyl of Y279 could also form a hydrogen bond with
the oxygen atom of ISP residue C180, which might act to stabilize
the mobile domain of the ISP at the surface of the Qo site, facili-
tating quinol oxidation. However, that hydrogen bond seems to
have only a modest role since the replacement of tyrosine by phe-
nylalanine has little effect on the bc1 complex function as shown in
Table 1, a finding which is in agreement with previous studies
using bacterial enzymes (25, 27).

Y279 is also likely to contribute to the correct conformation of
the ef loop comprising the highly conserved motif PEWY271–274

and the ef helix 275-284, which would be required to maintain the
correct structure of the catalytic cavity and to ensure an optimal
binding of the substrate quinol (see reference 28) for a review). As
presented in the model (Fig. 3a), Y279 is in the immediate vicinity
of P271, which is part of the PEWY motif and conserved in almost
all organisms (29). The proline ring and the tyrosine ring are in
van der Waals contact. Their interaction might be important to
maintain the optimal distance between I269 and ISP C180 (and
thus the correct docking of the ISP) and between residue E272, key
player in quinol oxidation (30), and the quinol.

Substitution of Y279 by nonaromatic residues would result in
the loss of these stabilizing interactions and compromise the
quinol binding and oxidation. This explains the loss of bc1 com-
plex activity resulting from the mutations Y279A, C, D, N, and S.
The severity of the activity loss was found to increase in the fol-

lowing order: C � S � A � N/D. In bacteria, analysis of mutant
bc1 complexes showed that replacement of Y279 by valine or leu-
cine had a moderate effect on the enzyme activity, that alanine and
cysteine increased the severity, and that serine and glycine caused
further activity loss. The most severely impaired mutant seemed
to be Y279Q (25, 27). It thus appears that, in yeasts as in bacterial
complexes, the severity of the effect is determined by both the size
and the polarity of the side chain.

The effect of the substitution of Y279 by an aromatic residues
was then examined. Based on the structural model (Fig. 3), it
appeared that the aromatic residue phenylalanine (Fig. 3b) could
fulfill the role of Y279, which explains that the substitution Y279F
had no or only a very mild effect. In contrast, the introduction of
the bulkier aromatic residue tryptophan (Fig. 3c) is likely to result
in steric hindrance, impairing the structure of the Qo site and thus
its function. Substitution of the tyrosine by the charged residue
histidine (Fig. 3d) would alter the environment of the quinol
binding site. It is not tolerated in the yeast Qo site because the
mutation causes a dramatic loss of bc1 complex activity.

The importance of an aromatic residue, tyrosine or phenylal-
anine, in position 279 is supported by the conservation of the
residue among species. Using a large collection of available cyto-
chrome b sequences (�9,500), we monitored the nature of the
residue at the fifth position after the conserved PEWY motif,
which corresponds to residue Y279 in yeast cytochrome b (see
Table S1 in the supplemental material).

A tyrosine is conserved in the cytochrome b of almost all bacteria,

FIG 3 Location of residue 279 in the bc1 complex Qo site. (a) Wild-type amino
acid Y279 in contact with P271 of the PEWY motif. (b to d) Substitution of
Y279 by the aromatic residues F279 (b), W279 (c), and H279 (d). Cytochrome
b is presented in blue. ISP is indicated in yellow with its surface colored by
heteroatoms. Decylubiquinol is indicated in green. Residue 279 is indicated in
orange. Oxygen atoms are indicated in red, nitrogen atoms are indicated in
dark blue, and hydrogen atoms are indicated in light gray. The model has been
constructed as described in Materials and Methods.
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fungi, and protozoa and in all of the animals. In all of the Plasmodium
sequences available in the GenBank database, the conservation of
Y279 is respected besides sequences reported from clinical atova-
quone-resistant cases, in which a serine was observed at this posi-
tion. In archaea, tyrosine and phenylalanine are found in 61 and
39%, respectively, of the analyzed sequences. A tyrosine is also
observed in 69% of plant cytochrome b, while in the remaining
31% of the available sequences, a histidine replaced the tyrosine at
position 279. This is intriguing since, in yeast, the substitution of
tyrosine by histidine results in an inactive enzyme. It may be pos-
tulated that the plant Qo site has evolved for a better compatibility
with a histidine and that the presence of this charged residue
might be compensated for by other variations. Comparison of
sequences of the amino acids in the vicinity of residue 279 did not
reveal major differences, suggesting more distant or subtle effects.
In all b6f complex subunit IV sequences, a phenylalanine is found
instead of a tyrosine. Subunit IV with cytochrome b6 shows many
structural and functional similarities to bc1 complex cytochrome
b. Comparison of the structures of the bc1 and b6f complex Qo sites
shows that the Y279 and the equivalent phenylalanine occupy very
similar positions and orientations (not shown). Thus, the data
indicate that, with the exception of some plants, the correct func-
tion of the Qo site requires the aromatic residues tyrosine or phe-
nylalanine.

DISCUSSION

The antimalarial drug atovaquone binds in the bL distal region of the
Qo site, similarly to stigmatellin, and forms a strong hydrogen bond
(2.8 Å) to the protonated imidazole ring of the ISP [2Fe-2S] cluster
H181 in the recently published yeast atomic structure (PDB code
4PD4 [11]). The tyrosyl side chain of residue Y279 (Y268 in P. falcip-
arum) makes a significant, stabilizing aromatic contact with the
hydroxynaphthoquinone moiety of Qo-bound atovaquone. That
aromatic interaction can also be formed by a phenylalanine. Other
substitutions resulting in the loss of that key stabilizing interaction
would thus cause atovaquone resistance, which is associated with
atovaquone-proguanil treatment failure in malaria.

Using the yeast model, we studied eight substitutions of Y279.
Six of these amino acid replacements (Y279C, D, F, H, N, and S)
resulted from a single nucleotide substitution of codon 279, while
two (Y279A and W) required a double nucleotide substitution.
The consequences of the mutations on the respiratory growth
competence and on the bc1 complex activity and sensitivity to
atovaquone were investigated. The structural basis of the effects of
the mutations was then examined.

The substitution Y279F had no or little effect on bc1 complex
activity and sensitivity to atovaquone. This was expected from the
examination of the Qo structures that indicates that tyrosine and
phenylalanine could be swapped without deleterious effect and
without loss of the stabilizing interaction with atovaquone. Four
mutations (Y279D, H, N, and W) lead to a dramatic loss of respi-
ratory function. The atovaquone sensitivity could not be tested.
Three substitutions (Y279A, C, and S) resulted in atovaquone re-
sistance combined with decreased activity.

Acquisition of atovaquone resistance in malaria parasites needs
three requirements to be fulfilled: a high probability of the amino acid
replacement, a high level of atovaquone resistance, and a limited loss
of fitness associated with the resistance mutation. Based on the yeast
analysis, three mutations of Y279 fulfill the atovaquone resistance and
fitness criteria: Y279C, S, and A. However, whereas Y279C and S

amino acid replacements result from a single nucleotide substitution,
Y279A requires a double nucleotide substitution, which makes it un-
likely to occur on the short time scale of a malaria treatment. This is
fully consistent with Y279A not being found in any of the atova-
quone-resistant parasites reported to date and with Y279C and S be-
ing the two major mutations found in atovaquone-resistant parasites
from atovaquone-proguanil treatment failures (7, 9).

A third mutation, Y279N, has been reported in association
with clinical atovaquone resistance (7, 9, 14). Based on the data
obtained with the yeast model, that mutation would not be ex-
pected to be tolerated since it causes a severe loss of function.
However, reported studies indicate that, in the parasite as in yeast,
Y279N has a more deleterious impact than Y279C and S. First,
analysis of rodent malaria parasites showed reduced in vivo
growth rate and bc1 complex activity for Y279N mutant strains
compared to Y279C (31, 32). Also, a heavier fitness penalty is
suggested by the rate at which the atovaquone resistance muta-
tions emerged and were selected during malaria therapy with
Y279S, C, and N representing roughly 54, 42, and 4% of mutant
occurrence, respectively (n � 11, 14, and 1 for Y279C, S, and N,
respectively [9]; see also Table S2 in the supplemental material).
Minor structural differences in the Qo site structure between the
parasite and yeast enzymes might result in a more stringent effect
of Y279N in the yeast enzyme.

In parasites, as in yeasts, the acquisition of atovaquone resistance
is associated with the loss of bc1 complex activity and decreased fitness
(33). Resistance mutations would be expected to be counterselected
in the absence of drug pressure and thus not detected in the parasite
cytochrome b gene of field isolates. Atovaquone-proguanil being
poorly used in areas of endemicity because of its high cost, it is there-
fore intriguing that the mutations Y279C, S, and N have been re-
ported in field isolates from Kenya at rather high frequency (34).
However, since the level of drug use was not documented, interpre-
tations of these data should be taken with caution. It might be hy-
pothesized that other polymorphisms in the Qo domain, in cyto-
chrome b or ISP, partly compensate for the loss of the tyrosine. The
genetic compensation would result in a more active enzyme and a
reduced fitness cost. In yeast, we found that changes in the ISP hinge
region could partially restore the respiratory function severely altered
by the Qo site mutations G291D, S152P, and A144F (22, 35).

The bc1 complex is an attractive target for antimicrobial drugs.
Atovaquone is currently the sole drug in clinical use targeting that
enzyme. We analyzed in the yeast model the trade-off between
atovaquone resistance and bc1 complex activity that associates
with mutations or Y279. We showed that cysteine and serine are
optimal atovaquone-resistant amino acid at position. These re-
sults parallel the in vivo evolution of atovaquone resistance during
malaria therapy and support the yeast model as a useful surrogate
to study antimalarial drug resistance.
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